We determine the "optimal" management of a closed growing system with multiple sources of water, of price decreasing with quality. The management that balances marginal costs of water and fertilizers with marginal yield loss is determined. By using a number of yield response curves, in a couple of different cases (Holland and Mediterranean basin), we show that, with realistic prices both of resources and of produce, closed systems are financially viable only in two cases: 1. in regions with good water or 2. with high-value crops that offset the costs of ensuring good water (such as rain collection or desalinisation), so that there is no advantage for a grower to maintain a closed loop whenever the quality of irrigation water is poor. This means that a price structure of water resources that shifts the economic optimum towards poorer irrigation water has the consequence that the irrigation loop cannot be closed. In other words, there is no way that low-value crops using poor irrigation water may still be profitable under stricter environmental rules. We conclude that in view of the environmental impact, it would be advisable for irrigation and local authorities in horticultural areas either to provide good water at a relatively high price or to consider subsidizing investment costs of on-site desalinization plants, rather than stimulating use of poor quality water, or attempting to prevent pollution through unrealistic regulations. This means that local authorities, seriously planning to reduce agricultural pollution, should either provide incentives for growers to switch to less sensitive or more valuable combinations of crops, or contemplate developing other economic activities than agriculture.
INTRODUCTION
Socio-environmental impact of irrigation is two-fold: competition for scarce water resources and pollution of common resources. However, since agricultural pollution is very strictly linked to the amount of drain, which follows from amount of water application, there is little doubt that the agricultural sector must do with less water and anyhow must use water more efficiently. Application of lower quality water (either from brackish wells or partly cleansed waste water) is often stimulated, as well as reuse of drain (closed cycle) in soil-less cultures (including open-air container crops). It is commonly stated that the only way to ensure efficient use and decreased lixiviation is "pricing" irrigation water in such a way that application of lower quality water and/or of closed cycle is the most economical management. However, whenever irrigation water contains non-nutrient salts, these will accumulate in the root zone. It is well known that increased root zone salinity causes yield loss so that at some time leaching will become necessary. It can be shown that the fraction of water that is leached out of a closed cycle is nearly proportional to the ratio between the concentration of the critical salt of the irrigation water and the "ceiling" concentration at which the system is leached.
Since water use and leaching pollution are very strictly related, an increasingly fashionable line of thought (for instance : OECD, 1999; European Parlament & Council, 2000) is that the solution to both scarcity and environmental problems caused by overirrigation, is to price irrigation water in such a way that saving water through closed systems and/or using water of lesser quality becomes optimal economic policy for growers. In this paper we analyze the feasibility of such an approach, in view of information collected and generated in the framework of a project co-financed by the European Union (HORTIMED, ICA3-1999-0009) , aimed at methods for saving water in Mediterranean Horticulture.
MATERIALS AND METHODS
Let's assume we deal with a crop that in optimal conditions generates a gross return Y (€ m -2 year -1
), and that return decreases by a fraction a, for each dS/m that the salinity EC in the root zone environment increases.
Obviously, in a closed system fed with saline irrigation water, water use exceeds potential evaporation (E p ), since the water has to be periodically refreshed, as quantified by Carmassi et al., 2003 . Stanghellini & Kempkes, 2004 , have shown that if irrigation water has as salt concentration EC in and the system is flushed at a concentration EC MAX , a good estimate of actual water use W is:
The potential yield, Y and E p are typical of the crop, and a is a measure of the crop sensitivity to salinity (the higher is a, the faster is yield loss with salinity). Now, let's assume that irrigation water has a price structure that encourages use of saline water, in particular that:
Where P (€ m -3 ) is the price of good quality water; b is the fractional decrease of the price with salinity and ε is a minimum cost of water, associated with pumping, maintenance, etc, (Fig. 1) . Please observe that water of poorer quality carries a hidden cost that is the cost of fertilizers that are expelled with leaching. Accounting for this would simply result in a somewhat less steep trend than the "bare" cost. Therefore, in the following we will regard b as a parameter incorporating both water and fertilizers cost. As Fig. 1 shows, the water cost to a grower does not decrease beyond a given EC (depending on the price structure: P and b, and his own costs ε), and the steeper is the price decrease, the lower is this EC value. The "optimal" EC of the irrigation water, from a growers' point of view will never be higher than this, since there are no advantages to be got further. Finally, let's assume that all other production costs are independent of the salinity of the irrigation water. A smart grower chooses the EC in of the irrigation water and the maximal EC MAX to allow in the root zone (that is, in fact, water use) in a way that his profit is the maximum possible. Considering only irrigation costs, that is:
The equation above cannot be solved in an analytical fashion. It is possible, however, to explore under which conditions the parameters of the price structure would ensure that it makes economic sense to use irrigation water with an EC in larger than zero. One can show that all possible solutions to eq(4) depend similarly from the ratio:
that is, the ratio between loss of return for each dS/m increase in salinity in the root zone and the "potential irrigation costs", that is the costs when using irrigation water of good quality. For instance, a reasonable return for Dutch glasshouses is about 50 € m -2 y -1 (AgriHolland, 2004; Central Bureau for Statistics, 2004) whereas for unheated plastic houses in the Mediterranean basin it is 10 € m -2 y -1 (Caballero & De Miguel, 2002) . Sonneveld (2000) has tabulated yield decrease with salinity for a number of greenhouse crops, ranging from 2-3% for tomato and carnation; 5-6% for sweet pepper, cucumber and rose to 10% for gerbera and most pot plants. At the lower end of the range we can add cherry tomato with a yield loss of less than 1% (in view of the quality-premium in price). Potential evaporation is about 1 m 3 m -2 y -1 in all cases, since heating in Dutch greenhouses, and winter cultivation cycle (and whitewashing) in the Mediterranean, tend to offset differences in climatic potential evaporation, Kempkes and Stanghellini, 2001 . Table 1 shows the corresponding values of k, with a number of possible potential irrigation costs. Figure 2 shows the net income for a grower (eq(4), only irrigation costs are deduced from return), for all sensible combinations of salinity of the irrigation water and water use, eq(2), for the trends of price of the irrigation water indicated besides, k = 0.5 in all cases. The white area represents all combinations with incomes less than 90% of the theoretical maximum (that is, irrigation costs and yield loss exceed together 10% of possible income), and each contour line is 2% of it. What Fig. 2 shows is that if price of water becomes negligible at a quality that is still acceptable (top panel), it does make economic sense to use water of lower quality. The consequence of a fast decreasing price is that there is little restraint with respect to quantity used. Observe that the economic optimum in the top panel is around 2.5 E p , which is a leaching fraction of 60%, in the common definition of the latter as the ratio of amount of water leached to quantity of water applied. On the other hand, if water of lower quality is only slightly cheaper than good water (middle and bottom panel) then it is more efficient to have good water and pay for it. Figure 3 , on the other hand shows the effect of the crop type (increasing k, that is either the value of yield of the sensitivity to salinity, or both), at a given trend of water price. We see that as k increases (top to bottom), the range of economically sensible salinities of irrigation water shifts towards a higher quality of the water, and lower water use.
RESULTS

DISCUSSION
We have seen that whenever k is large enough (that is, the potential loss of return caused by salinity is large with respect to the "potential" irrigation costs), there is no way that it could be profitable for a grower to use irrigation water of lower quality. That is, it is always cheaper to "clean" the water beforehand, f.i. with a on-site reverse osmosis plant. Lower-value (and lower investment) crops could be more reasonably cultivated in closed loops fed with irrigation water of poor quality. How poor, however, can be debated. Indeed, looking at Figures 2 and 3 , one can see that even when an irrigation water of EC around 1 dS/m would be acceptable, actual water use would be more than twice potential evaporation (a leaching fraction around 60%), which seems to be a poor definition of a closed system. Therefore, incentives to apply water of low quality may well decrease pressure on good water resources, but may significantly improve pollution caused by leaching. Implicitly, this is acknowledged by the Dutch regulations. Indeed, after allowing for (quite benevolent) specie-specific ceilings on sodium concentration in the closed loop, above which leaching is permitted, there are limits on the amount of irrigation that may be applied yearly, Table 2 . Since such limits are quite difficult to enforce, an additional item in the regulation is a detailed list of conditions that make (or not) a rain collection basin compulsory. In this respect, Holland has the obvious advantage of equilibrium between rainfall and potential evaporation, and a rather even distribution of rainfall. However, the shallowness of the ground water table makes it impossible to dig deep basins, which, in turn, increases occupation of [expensive] and potentially productive soil surface. Indeed, calculations of integral costs of rain basins (KWIN, 2003) show that in some cases cost of storage per cubic meter may exceed cost of desalinization.
A similar lesson can be drawn for semi-arid regions where greenhouses are presently expanding: the one way to prevent leaching is to have good water (Pardossi et al., 2004) . Closed systems in greenhouses are the vegetable production system with the highest economic water use efficiency by far (Stanghellini et al., 2003) and thus can afford a relatively expensive irrigation water, Table 3 . Expansion of such systems should, therefore, be welcomed, particularly in semi-arid regions.
CONCLUSION
Economically optimal management of most closed-loop crops in greenhouses requires irrigation water of good quality. A price structure of irrigation water that shifts the economic optimum towards poorer irrigation water has the consequence that the irrigation loop cannot be closed. In view of the environmental impact, it would be advisable for irrigation and local authorities in horticultural areas either to provide good water at a high price or to consider subsidizing investment costs of on-site desalinization plants, rather than stimulating use of poor quality water, or attempting to prevent pollution through regulation that may be both un-economical and un-enforceable, since there is no way that low-value crops using poor irrigation water may still be profitable under stricter environmental rules. This means that local authorities, seriously planning to enforce such rules, should either provide incentives for growers to switch to less sensitive or more valuable combinations of crops, or contemplate developing other economic activities than agriculture. (Colino & Martinez, 2002) . 
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